Low salinity waterflood (LSW) has become an attractive enhanced oil recovery (EOR) method as it shows more advantages than conventional chemical EOR methods in terms of chemical costs, environmental impact, and field process implementation. Extensive laboratory studies in the past two decades have proposed several porescale mechanisms of oil displacement during LSW flooding, which are still open for discussion. However, the capability of reservoir simulators to model accurately this process is very limited. This paper provides a critical review of the state of the art in research and field applications of LSW. The focus is on a widely agreed mechanism that is the wettability alteration from preferential oil wetness to water wetness of formation rock surfaces. Ion exchange and geochemical reactions have been experimentally found to be important in oil mobilization due to enhanced water spreading at low salinity. To evaluate the significance of this surface wetting mechanism, a comprehensive ion exchange model with geochemical processes has been developed and coupled to the multi-phase multi-component flow equations in an equation-of-state compositional simulator. This new model captures most of the important physical and chemical phenomena that occur in LSW, including intra-aqueous reactions, mineral dissolution/precipitation, ion exchange and wettability alteration.
Introduction
Low salinity waterflooding (LSW) is an emerging EOR technique in which the salinity of the injected water is controlled to improve oil displacement efficiency without a significant loss of infectivity due to clay swelling. In particular, the presence of clay minerals is a favorable condition for the high efficiency of this process. This recovery concept is quite attractive as 50% of the world's conventional petroleum reservoirs are found in sandstones that commonly contain clay minerals.
It has been experimentally found that changes in the injected brine composition can improve waterflood performance by up to 38% (Larger et al. 2004 , Web et al. 2004 ), leading to a new concept of optimal injection brine composition for water flood. In the 1990s, Jadhunandan and Morrow (1995) and Yildiz and Morrow (1996) reported the influence of brine composition on oil recovery, which identified a possibility to improve waterfloods with optimized injection brine formulation. Numerous laboratory experiments ( Morrow and Buckley, 2011) have later confirmed that EOR can be obtained in tertiary low salinity waterflood. The salinity in these tests was in the range of 1,000-2,000 ppm. Although the advantages of LSW have been realized, the mechanism of incremental oil recovery by LSW is still an open discussion. Several mechanisms have been proposed during last two decades including fines migration, wettability alteration, multi-component ionic exchange (MIE), saponification and pH modification, and electrical double layer effects. Dang et al. (2013) provided a critical review of these mechanisms.
Fines migration is one of the first explanations for the incremental oil recovery by LSW. Morrow and his research colleagues observed that fines (mainly kaolinite clay fragments) were released from the rock surface, resulting in an increase of spontaneous imbibition recovery with a decrease in salinity for different sandstones. The fines migration was believed to improve mobility control of the conventional high salinity waterflooding by plugging pore throat and reduction in the effective permeability to water in the water swept zone and divert flow into un-swept zones. However, numerous researchers from industry (Larger et al. , and it is suggested that the EOR mechanisms of LSW appear similar to the alkaline flooding by generation of in-situ surfactants and reduction in the interfacial tension. Note that the acid number of crude oil should be larger than 0.2 mg KOH/g in order to generate enough surfactant to induce wettability reversal and/or emulsion formation in alkaline flooding (Ehrlcih et al., 1974; Jensen and Radka, 1988) , but most of crude oil samples have been used with acid number less than 0.05 mg KOH/g for LSW experiments. Therefore, it is difficult to conclude that additional oil recovery is mainly from in-situ surfactant generation.
Among the proposed hypotheses, wettability alteration towards increased water wetness during the course of LSW is the widely suggested case of increased oil recovery. The effects of low salinity brine on wettability , resulting in a lower water relative permeability and higher oil relative permeability. This phenomenon could be physical explained by the ionic exchange between the injected brine and formation water, and mineral dissolution/precipitation in LSW. The ionic exchange during this process leads to the adsorption of divalent ions, promotes the mineral dissolution, and changes the ionic composition of formation water and the wettability condition. This is the most reliable suggestion for the underlying mechanisms of LSW and it is used to develop a mechanistic model of LSW in this paper.
LSW (2008) reported for the LSW performance in Alaska's oil fields using water injection salinity between 1,500 to 3,000 ppm. Based on single well chemical tracer tests (SWCTT), the reported incremental LSW EOR in these oil fields ranged from 6 to 12% OOIP, resulting in an increase in waterflooding recovery by of 8 to 19%. Lager et al. (2006) indicated that fines migration or significant permeability reduction due to LSW was never observed. He also achieved a 40% increase in recovery using a North Sea crude oil with very low acid number (Acid Number < 0.05). Another result from the Log-Inject-Log test (Webb et al., 2004) showed 25-50% reduction in residual oil saturation by LSW. Another successful LSW by SWCTT test was described by Seccombe et al. (2010) in a mature offshore oil field located on the North Slope of Alaska. Additionally, historical field evidence in the Powder River basin of Wyoming reported by Robertson (2010) also showed that oil recovery tended to increase by about 12.4% as the salinity of injection brine decreases. Thyne and Gamage (2011) published a comprehensive evaluation of the effect of LSW for 26 field trials in Wyoming. While extensive experimental studies of LSW have been reported, modeling work is rarely found in the literature. One of the earliest studies on modeling LSW was presented by Jerauld et al. (2008) . They developed a new model for LSW with some modifications from the traditional waterflooding model. In their model, salt was modeled as an additional single-lumped component in the aqueous phase, and relative permeability and capillary pressure are made functions of salinity, including the influence of connate water, hysteresis in water relative permeability between imbibitions, and dispersion phenomena. Unfortunately, this model used a simple linear dependence of residual oil saturation on salinity. Rueslatten et al. (2008) performed a LSW experiment on a North Slope core sample. Then a model using the geochemical code, PHREEQC, was created to simulate the LSW. This model gave only an approximation of the pH variation as the mechanism of LSW. Subsequently, Sorbie and Collins (2010) extended their work by introducing a semi-quantitative model that describes the multicomponent ion exchange process at the pore scale. This model attempts to show the consequences of the change in the electrical double layers and the adsorption of polar organic species. However, further experimental studies are required to confirm this mechanism.
Recently, Omekeh et al. (2012) presented a model of ion exchange and mineral solubility in LSW. They considered two-phase flow of oil and brine that contains Na + , Mg ++ , SO 4 --, and Cl -. Cations are involved in a fast ion exchange process with the negative clay surface, X -. In this model, the total release of divalent cations from the rock surface gives rise to change of the relative permeability such that more oil is mobilized and the desorption of divalent ions is the main mechanisms of LSW. However, divalent ions such as Ca ++ and Mg ++ are expected to be adsorbed on the clay mineral during the course of LSW (Appelo, 1994) and the wettability alteration happens with the adsorption of divalent ions only (Suijkerbuijk et al. 2012) . And it would be more advantageous to model the process in a compositional simulator with full geochemical reactions instead of in a simplified two phases flow model.
Since the capability of reservoir simulators to model accurately this process is limited, a comprehensive ion exchange model with geochemical processes including intra-aqueous and mineral reactions has been developed and coupled to the multi-phase multi-component flow equations in an equation-of-state compositional simulator, Computer Modeling Group's GEM™. This new model captures most of the important physical and chemical phenomena that occur in LSW, including intra-aqueous reactions, mineral dissolution/precipitation, ion exchange and wettability alteration. The focus of this model is on the widely agreed mechanism that is the wettability alteration from preferential oil wetness to water wetness of formation rock surfaces due to ion exchange and geochemical reactions. Simulation results of laboratory LSW in linear core was carried out and validated against experimental data and compared with the geochemistry software PHREEQC. Mechanistic simulations not only provide a comprehensive comparison with the laboratory observations, but also give insights into the propagation of aqueous ions in the core and aid in future experiment setup and field scale LSW designs. Using numerical models, the LSW can be designed and optimized to promote the wettability alteration towards more water wetness condition for additional oil recovery.
Modeling of Low Salinity Waterflooding

Governing Equations
The flow in porous media is governed by Darcy's law and the mechanical dispersion/diffusion of components. The conservation equations for the species in a compositional model are described as follows.
The conservation equations of the n h components in the oil and gas phases that may be soluble in the aqueous phase are:
The conservation equations for the n a aqueous components (ions) are:
The conservation equations for the n m mineral components are:
The superscripts n and n+1 denote the old and new time levels, respectively. These equations are discretized in an adaptive implicit manner. The superscript u = n is for explicit gridblocks and n+1 for implicit gridblocks.
The terms (
) correspond, respectively, to the intra-aqueous reaction rates and mineral dissolution/precipitation rates and will be discussed in the next section of this chapter.
The equation for thermodynamic equilibrium is the equality of fugacities of the components between the oil, gas and aqueous phases, i.e.,
, n ,...,
The fugacity ig f is calculated from the Peng-Robinson equation of sate. The fugacity iw f of gaseous components soluble in the aqueous phase is calculated using Henry's law, i.e., i iw iw H y f  (6) In compositional simulation, a volume constraint equation is normally also a part of the equation set:
Intra-aqueous and Mineral Reactions Nghiem et al. (2004) proposed a fully-coupled geochemical Equation-of-State model for the simulation of CO 2 storage in saline aquifer in a compositional simulator. It allows the modeling of intra-aqueous reactions in the aqueous phase and reactions between minerals and aqueous species. Although this model was initially designed for the simulation of CO 2 storage, it is also applicable to the modeling of geochemical reactions in the LSW process. Nghiem et al.'s model has been extended to model LSW, which includes multiple-ion exchange and wettability alteration in addition to intra-aqueous chemical reactions and mineral dissolution and precipitation.
A chemical reaction is in equilibrium if the forward reaction-rate and backward reaction rates are equal giving a net reaction-rate of zero. Reactions in equilibrium satisfy the following condition:
Q α is the activity product of a reaction where n aq is the number of species in an intra-aqueous equilibrium reaction, a k is the activity of each species in the aqueous phase, K eq is the equilibrium constant for the chemical reaction, R is the universal gas constant, T is the fluid temperature, and   k is the stoichiometric coefficient of a component in the chemical reaction. The chemical equilibrium constant (K eq ) values are provided as a function of temperature for many aqueous reactions by Bethke (1996) or Kharaka et al. (1989) .
Activities for each species (α k ) are related to their concentration (m k ) in solution. The activities of water and the mineral species can be taken to be unity without introducing significant errors (Helgeson et al., 1970) .
where i
 is the activity coefficient. The activity coefficient in ideal cases can be taken to be approximately equal to the concentration of the species (in molality). Intra-aqueous reactions are modeled as instantaneous reactions. This increases the computational efficiency by permitting the use of an Equilibrium-Rate-Annihilation (ERA) matrix that reduces the number of flow equations (Nghiem et al., 2004 (Nghiem et al., , 2011 .
Reactions between the aqueous species and the reactive minerals in a reservoir are kinetically controlled. The reactions involving reservoir minerals cause the minerals to dissolve or precipitate when they are not in a state of equilibrium with the ions in the aqueous phase. The dissolution or precipitation rate of a mineral is calculated as:
where: Â β = reactive surface area of reactant mineral β per unit bulk volume of porous medium (m 2 /m 3 ) k β = rate constant of mineral reaction β (mol/m 2 ·s). K eq,β = chemical equilibrium constant of mineral dissolution/precipitation reaction Q β = activity product of mineral β dissolution reaction r β = dissolution/precipitation rate per unit bulk volume of porous medium [mol/(m 3 ·s)] R mn = number of mineral reactions The reaction rates are normally stated at a reference temperature. The reaction-rate constant k β at any desired temperature can be found using the following equation:
where E a is the activation energy for reaction (J/mol), k 0,β is the reaction-rate constant for reaction at reference temperature, R is the universal gas constant (8.314 J/(mol K)), T is the temperature (K) and T 0 is a reference temperature (K).
The reactive surface area of a mineral per unit bulk volume of a porous medium changes as the mineral dissolves or precipitates. Nghiem et al. (2004) employed the following equation to adjust the reactive surface area of a mineral:
where Â 0 is the reactive surface area at time zero, N β are the moles of mineral β per grid block volume at current time, and N β0 are the moles of mineral β per grid block volume at time zero.
Ion Exchange
In a reservoir environment, there is a chemical equilibrium between ions in the solution and ions that sorb on the mineral surface, mainly on clay. As water with ion concentration different from the connate water ion concentration is injected, ion exchange reactions occur. In a LSW process, two typical ion exchange reactions that involve sodium, calcium and magnesium ions are: (15) where X denotes the clay mineral in the reservoir rock. The above reaction is reversible and indicates that Na + is taken up by the exchanger and Ca 2+ and Mg 2+ are released if we inject high salinity brine into a reservoir, while the reversible is true in LSW or there is a surplus of Ca 2+ and Mg 2+ . The following selectivity coefficients are used to model ion exchanges in the clay surfaces: 
Modeling Wettability Alteration
The effect of wettability alteration is modeled by shifting the relative permeability curves as schematically shown in Figure 1 . Multiple relative permeability tables can be defined for a reservoir rock type, where each table corresponds to one value of a specified interpolant. Typically, two sets of relative permeability curves representing, respectively, low salinity and high salinity conditions are considered and an interpolation between these two curves is carried out. The interpolant is the equivalent fraction of an ion on the rock surfaces. Relative permeability curves are usually measured from laboratory experiments and serve as the input data for numerical simulation. It is shown in the core-flood simulation that the use of Ca ++ equivalent fraction on the exchanger as the interpolant provides a good match of experimental data. 
be the n c reduced set of the "primary component" material balance equations, where E is an Annihilation matrix. Note that n c = n h + n a -R aq . The detailed discussions on the Equilibrium-Rate-Annihilation (ERA) matrix can be found in Nghiem et al. (2004 Nghiem et al. ( , 2011 .
The following equations are taken as the primary equations:  The volume constraint equation (7),  The n c reduced aqueous component material equations   ,  The n h oil-gas phase equilibrium equations (4),  The n h gas-water phase equilibrium (5),  The R aq chemical equilibrium equations (8) ,  The n m mineral balance equations (3), and  The n ex ion exchange equations. In total, there are (1+ n c + 2 n h + R aq + n m + n ex ) equations. The primary unknowns are:  Pressure,  The summed mole numbers of oil and gas components, N i , i = 1,…,n h ,  The mole numbers of aqueous components, N j , j = 1,…,n a ,  The mole numbers of components in the gas phase, N ig , i = 1,…,n h ,  The mole numbers of oil/gas components soluble in the aqueous phase, N iw , i = 1,…, n h ,  The mole numbers of minerals, N k , k = 1,…, n m ,  The moles of ions on the exchanger, N e , e = 1,…, n ex .
Let ψ  be the vector comprising all equations for all gridblocks and   the vector of all primary variables. Then the whole system of equations is solved with Newton's method:
is the Jacobian matrix and the superscript (k) denotes the iteration level. The Jacobian matrix is a sparse matrix that is solved by Incomplete LU factorization followed by the GMRES iterative method. This solution method allows the simultaneous convergence of the flow equations, the phase equilibrium equations, the chemical equilibrium reaction equations, the mineral dissolution and precipitation equations and the ion exchange equations.
Results and Discussions
This section documents the results of validation between this new model and (1) the geochemistry software PHREEQC and (2) laboratory measurements. The PHREEQC software and a series of North Sea sandstone and Texas's reservoir coreflood experiments conducted by Fjelde et al. (2012) and Rivet (2009) served as the basis for this validation. The mechanistic simulations in this section include brine/rock interactions, dynamic single/multiple ion exchange, intra-aqueous reactions, mineral dissolution/precipitation, and CO 2 solubility.
Comparison of Ion Exchange Model with PHREEQC
PHREEQC is designed to perform a wide variety of low-temperature aqueous geochemical calculations and processes in natural water or laboratory experiments. This program is based on equilibrium chemistry of aqueous solutions interacting with minerals, gases, solid solution, exchangers, and sorption surfaces. It could also be used to simulate one-dimensional transport phenomenon with dispersion and diffusion.
The base case for comparison of the ion exchange model developed in this work with that in PHREEQC is based on Appelo's problem (Appelo, 1994 ). Either a low or high salinity brine slug is used to displace formation water that initially contains sodium and/or calcium chloride solution in equilibrium with the cation exchanger ( Figure 2) . The aquifer is then flooded with brine that contain sodium chloride and calcium chloride at different concentrations. A one-dimensional linear homogeneous reservoir model that consists of 20 grid blocks with properties shown in Table 2 was used in this comparison. Since this is a displacement of water slug, porosity is set at a value of 0.99. The ion exchange is allocated for all grid blocks with a constant value. This model involves some important geochemistry reactions during LSW; however, these geochemistry properties are not included in the base case simulation.
We use the low salinity injected brine to displace formation water as shown in Table 3 . The evolution between Ca 2+ and Na + in the effluent from GEM™ and PHREEQC are plotted in Figure 3 . There is a very good match between GEM™ and PHREEQC. These results are also consistent with the analytical results by Appelo (1994) using mass balance over the front. Initially, the effluent is in equilibrium with the original exchanger composition, formation water is produced until 0.7 of injected pore volume, and then the fronts have a sharpening tendency because of a preference for the displacing ions. The detailed exchange between Na + and Ca 2+ is described in Figure 4 . The equivalent fraction of Ca-X 2 increases with a decrease of Na-X, which exactly follows the hypothesis of calcium absorption when low salinity brine is injected into the reservoir: Figure 3 : Effluent evolution of Ca 2+ /Na + during LSW -GEM™ vs. PHREEQC Ca-X 2 Na-X Figure 4 : Evolution of the equivalent fractions of Ca-X 2 and Na-X for various gridblocks The evolution of Ca 2+ in the high and low divalent ions in formation water (Table 4) was also simulated and compared with PHREEQC. A very good agreement between GEM™ and PHREEQC on the Ca 2+ effluent after ion exchange ( Figure 5 ) was obtained. 
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Injected Pore Volume Figure 5 : Effluent evolution of Ca 2+ /Na + for high and low divalent ion in formation water GEM™ vs. PHREEQC
Model Validation with North Sea Coreflood Experiment
Fjelde et al. (2012) reported a systematic experimental study of LSW based on corefloods. The results from this study including formation and injection brine composition, relative permeability curves for high and low salinity waterflooding, evolution of effluent divalent ions, average oil saturation, and pH are used to validate our LSW model.
The compositions and properties of the synthetic formation water (FW), sea water (SW) and low salinity water (LSW) used in the coreflooding experiments are given in Table 5 . Core plugs from a sandstone oil reservoir in the North Sea were used in the flooding experiments. The reservoir core plugs were prepared with formation water (FW) and aged with crude oil at initial water saturation (S wi ). These core plugs were flooded by FW, sea water (SW), and then low salinity water (LSW). The effluent samples were analyzed for ion concentrations and pH. In all the above flooding experiments, the injection velocity was 6.323 cm/d with about 10 injected pore volumes for each stage.
A one-dimensional model has been setup in order to simulate the above coreflooding experiments. It consists of 40 gridblocks with the same properties as the sandstone core in Fjelde et al.'s experiment. The clay content in the rock was about 13% weight of the bulk sample and the important reservoir properties are listed in Table 6 . In this model, we considered the reversible ion exchange between calcium and sodium as well as aqueous and mineral reactions.
The reactions that are modeled are: 
Dynamic Ion Exchange
There are three stages of injection including formation water injection, sea water injection, and low salt water injection. Calcium ions are expected to exchange with sodium ions on the clay surface. We compare the evolution of effluent Ca 2+ concentration from experimental measurements and from the simulator GEM™. To examine the effect of ion exchange, two GEM™ runs were performed. In the first run, ion exchange was not included in the simulation. Figure 6 shows a good agreement between simulation and experimental results during the first injection stage with formation water. However, the simulated concentration of Ca 2+ is lower than that in the experiments when the injected fluid switches from formation water into sea water and then to low salinity water. The calcium concentration was constant at the injected concentration value. This discrepancy is due to the absence of ion exchange consideration in different injected modes.
A much better match for sea water and low salinity water injection stages could be obtained when the model includes the reversible ion exchange reactions, cation exchange capacity of clays, the amount of the clay in the rock, the concentrations of the cation, and the selectivity coefficients. Figure 7 shows an excellent match of the effluent calcium evolution between GEM™ with ion exchange and the experimental results. Figure 8 shows the dynamic ion exchange process inside the core for the experiment described above. The equivalent fraction of Ca-X 2 is constant during the first 10 injected pore volumes of FW because of the invariable of the ion concentrations between the injected brine and formation water. Then the Ca ++ adsorbs on the clay minerals when FW injection was switched to SW injection with a significant reduction of salinity concentration (Figure 8a ). It is important to note that the injected Ca ++ concentration in the Fjelde et al.'s experiment is very low, leading to the desorption of Ca ++ after the formation water had been flushed out at about 11 injected pore volumes. The relative low Ca ++ concentration in the injection SW causes the variation of ion exchange along the core sample. The ion exchange is reduced and the values of Ca-X 2 are higher in the last blocks after 20 injected PVs of SW injection. Based on the simulation results these differences on the ion exchange equivalent fraction could be explained with an extended SW injection as shown in Figure 8b c. Na-X Figure 8 : Evolution of equivalent fraction Ca-X 2 /Na-X inside core sample
pH Profile
Without ion exchange and geochemical reactions, the simulation is not able to capture the change in pH during LSW. Figure 9 shows an excellent match of the effluent pH when using ion exchange coupled with geochemistry in LSW. The new model can match well the variance in the effluent pH that increases as the injected brine salinity decreases. (2005) concluded that the local pH increase in LSW is relatively similar to the mechanisms in alkaline flooding and it may contribute to the additional oil recovery. However, a pH increase is not the main mechanism responsible for high oil recovery by LSW since pH is only 1 to1.5 units higher than the injected pH and the final pH value is much smaller than the one in alkaline flooding. The small increase in pH is doubtful to produce a sufficient amount of in-situ surfactant as McGuire et al.'s conclusion (RezaeiDouts et al. 2009 , Melberg., 2010 . A local pH increase during the LSW process can be explained by the dissolution of calcite minerals as shown by reaction (20c). The aqueous phase lost protons as soon as the calcite mineral starts to dissolve, leading to an increase in the effluent pH. 
Effects of Wettability Alteration
Without ion exchange and its effect on wettability, the simulation cannot capture the LSW effect and leads to a difference between the average oil saturation prediction and measured values as shown in Figure 11 . The experiment data clearly show a decrease in the average oil saturation with LSW. However, the average oil saturation in simulation is constant even when injection was changed from formation water injection to sea water injection and low salinity water injection.
Since the concentration of Ca ++ in the connate water has a strong effect on the oil and water relative permeabilities (Dang et al. 2013 ., Suijkerbuijk et al. 2012., Rivet. 2009 , Buckley et al. 1998 ), the equivalent fraction of Ca-X 2 which represents the exchangeable amount of Ca ++ is used as the interpolant for the wettability alteration due to LSW effects. An excellent match of oil saturation could be obtained with wettability alteration as a result of ion exchange and the two experimentally determined relative permeability sets from the work of Fjelde et al. (2012) for high/low salinity waterflooding. The adsorption of Ca ++ leads to the wettability alteration towards more water wetness and is responsible for the additional oil recovery. The equivalent fraction of Ca-X 2 increases as SW injection is switched to LSW. However this change is relative small with a minor effect on the oil recovery. This observation strongly supports for our hypothesis: the absorption of Ca ++ leads to a modification of relative permeabilities, resulting on a higher oil recovery. Most of the oil was produced at the initial time during FW injection. The oil saturation after FW injection is around 24.5% and it further deceased to 23.5% during sea water injection. By interpolating between the two relative permeability curves based on the net ion exchange, an excellent match of oil saturation was obtained. 
Model Validation with Sandstone Reservoir Core-Flood Experiment
Rivet (2009) presented a series of core floods on Berea and reservoir sandstone core samples with high and low salinity brines to study the effect of salinity on oil recovery, residual oil saturation and relative permeability. In these experiments, the core is composed of 6 core plugs that were taken from an unconsolidated sandstone oil reservoir. The plug arrangement into the core is such that air permeability decrease towards the core outlet. These plugs have an average clay content of about 20 wt% based on the XRD analysis. Plug properties are given in Table 6 . Two brines were used during the waterflood experiments: Synthetic Reservoir Formation Brine (SRCFB), with 31,000 ppm TDS as the high salinity brine and Synthetic Lake C Water (SLCW), with 1,075 ppm TDS as the low salinity brine. Fluid properties are given in Table 7 . A one-dimensional model has been setup to simulate the above core-flood experiments. The model consists of 60 grid blocks, representing the six plugs in Rivet's core sample with the reservoir properties shown in Table 8 . Two sets of relative permeability curves provided by Rivet (2009) were used for simulating the LSW effects. Figure 14 indicates that the ion exchange reaction support the hypothesis that calcium ions adsorb on the rock surface, resulting in an increase of the oil relative permeability and a decrease of water relative permeability as experimentally shown by Rivet (2009) . The ion exchange during LSW, therefore, contributes to the alteration of wettability towards more water wetness, and thus to the additional oil recovery. With the new proposed LSW model, an excellent history match for both high salinity and low salinity waterflood experiments from the work of Rivet (2009) The pH effluent profiles between the LSW model and Rivet's experimental data are compared in Figure 17 . The pH was initially decreased from 7.1 to 6.3 because of calcite precipitation. As long as low salinity brine was continuously injected into the core sample, the pH effluent tended to increase due to the dissolution of the calcite and ion exchange effect. 
Conclusions
LSW is an important EOR technique as it shows more advantages than conventional chemical EOR methods in terms of chemical costs, environmental impact, and field process implementation. This paper presents a method for modeling this process. A comprehensive ion exchange model with geochemistry has been developed and coupled to the multi-phase multi-component flow equations in an equation-of-state compositional simulator. This new model captures most of the important physical and chemical phenomena that occur in LSW, including intraaqueous reactions, mineral dissolution/precipitation, and wettability alteration.
The new model was successfully validated with (1) the ion-exchange model of the geochemistry software PHREEQC, (2) the low-salinity core-flood experiments for a North Sea reservoir, and (3) the low salinity and high salinity heterogeneous core-flood experiments for a Texas reservoir. Excellent agreements were obtained on the evolution of ions in (1), which validates the ion-exchange and geochemistry model. For (2) and (3), excellent matches of experimental effluent ion concentrations, effluent pH and oil recovery were also obtained, which show that the proposed model can capture the main mechanisms of LSW. It is shown in the core-flood simulation that the use of Ca ++ equivalent fraction on the exchanger as the interpolant is sufficient to provide a good match of experimental data. This applies only for the cases considered in this paper. Additional investigations are being conducted to examine situations where Mg ++ equivalent fraction would also play a role. Important observations in the laboratory and field tests such as a local pH increase, a decrease in divalent effluent concentration, mineralogy contributions, and the influence of connate water/injected brine compositions can be fully explained from the proposed LSW model. Built in a robust reservoir simulator, it serves as a powerful tool for LSW design and the interpretation of process performance in the field. 
